
HapticFlo w : PDE-Based Mesh Editing with Haptics

YeDuany, JingHuaz, andHongQin z

Departmentof ComputerSciencey

Universityof MissouriatColumbiay

Departmentof ComputerSciencez

StateUniversityof New York atStony Brookz

email: duanye@missouri.edu,f jinghuajqing@cs.sunysb.edu

This paperpresentsHapticFlow, a haptics-baseddirectmesheditingsystemfoundedupontheconceptof PDE-basedgeo-

metricsurface�o w. Theproposed�o w-basedapproachfor directgeometricmanipulationoffersauni�ed designparadigmthat

canseamlesslyintegrateimplicit, distance-�eldbasedshapemodelingwith dynamic,physics-basedshapedesign.HapticFlow

providesanintuitive hapticinterfaceandallows usersto directly manipulate3D polygonalobjectswith ease.To demonstrate

theeffectivenessof our new approach,we developeda varietyof haptics-basedmesheditingoperationssuchasembossing,

engraving, sketchingaswell asforce-basedshapemanipulationoperations.
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Intr oduction

Polygonalmodelshave becomeprevalent in graphics,animation,andgameapplications.The advancementof 3D laserrangescanning

technologyhasgeneratedahugedemandfor ef�cient algorithmsto manipulatemeshesthatconsistof millions or evenbillions of vertices.

Commonlyusedmesheditingsystemsoftenrely upon2D mouse-basedinterfacesfor 3D interaction.Direct operationson virtual objects

with a 2D mousearenot asnaturaland intuitive as interactionvia a 3D interface. The advent of hapticdevicesenablesa hand-based

mechanismfor intuitive,manualinteractionswithin virtual environmentstowardsrealistictactileexplorationandmanipulation.

In this paper, we proposeto usePDE-basedsurface�o w asa new hapticmodelingparadigm.Thesurface�o w formulationprovidesa

uni�ed framework thatcantakeadvantageof boththeimplicit, distance-�eldbasedshapemodelinganddynamic,force-basedshapedesign,

andovercomesomeof their limitations. For example,unlike implicit-basedhapticeditingsystemsuchas[1], no intermediateconversion

stepis necessaryin our system.Besidesclosedshapes,our systemcanalsowork with meshmodelswith openingsandboundaries.In

contrastto theclassicalLagrange-mechanicsbaseddynamicmodelingtechniquessuchas[2], theproposedsurface�o w techniquedoesnot

have thesecond-ordertermfor elasticitybehavior simulation.Hence,in principle it is very suitablefor theprocessingof very large-scale

polygonalmeshesin ahaptics-basedenvironment.

Theintegrationof thehapticinterfaceandPDE-basedsurface�o w techniquemaximizesall thepotentialsfrom eachindividual compo-

nents.Thehapticinterfaceis veryvaluableandintuitivefor usersto interactwith ourmodelssincebothhapticsanddynamicmodelsdepend

on thesamephysical laws to governtheinteractionof dynamicobjectsandtheir realisticsimulation.To demonstratetheeffectivenessof

our approach,we have developeda prototypemeshediting system–HapticFlow that enablesusersto performa variety of hapticediting

toolkits, includingbothdistance-�eldbasedoperationsaswell asforce-basedoperations.

0.1 Prior Work

A distance�eld is ascalarfunctionthatspeci�estheminimumdistanceto ashape,wherethedistancemaybesignedto distinguishbetween

theinsideandoutsideof theshape.Distance�eld hasbeenusedto generatesweptvolumes[3], offsetsurfaces[4], andto morphbetween

surfacemodels[5, 4]. Recently, Adaptively SampledDistanceFields(ADF) is proposedby Friskenetal. [6]. ADFsconsistsof adaptively

sampleddistancevaluesorganizedin a spatialhierarchy of datastructures,andwerelater incorporatedinto a prototypesculptingsystem

called“Kizamu” [7] developedby PerryandFrisken.
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As for haptics-basedcomputing,a goodintroductionto hapticrenderingcanbe found in [8]. Salisbury andhis colleaguesdeveloped

thePHANToM hapticinterface,which hasresultedin many hapticrenderingalgorithms.MorgenbesserandSrinivasan[9] pioneeredthe

conceptof forceshading.Kim et al. [10] presenteda ratherdifferentimplicit-basedhapticrenderingtechnique.Despitethewidespread

applicationof hapticsin visualcomputingareas,haptics-basedinteractionwasmainly appliedto touchingcompliantobjects(i.e., haptic

rendering).Whereas,hapticmodelingallows designersto directly manipulateobjectswith force feedbackfor the purposeof modeling

or deformingobjects. Foskey et al. [11] presenteda touch-enabled3D modeldesignandtexture paintingsystembasedon subdivision

surfaces.Balakrishnanet al. [12] developedShapeTape, a curve andsurfacemanipulationtechniquethatcansenseuser-steeredbending

andtwistingmotionsof therubbertape.

PDE-BasedSurfaceFlow

Thegeneralformulationof geometricsurface�o w is anon-linearinitial-valuepartialdifferentialequation(PDE):

@~S(~p)
@t

= F (t; ~k;~k0; ~f � � �) ~U(~p; t); (1)

~S(p;0) = ~S0(~p);

whereF is thevelocity function, t is the time parameter, ~k and~k0 arethesurfacecurvatureandits derivative at thepoint ~p, and ~f is the

externalforce. ~S0(~p) is theinitial shapeof themodel. ~U is theunit directionvectorandoftentimesit is thesurfacenormalvector.

In general,therearetwo approachesto numericallysimulatePDEssuchasEquation1: explicit Lagrangianapproachor implicit level-set

approach.In this paper, we take theLagrangianapproach,i.e., thegeometryandtopologyof themodelarealwaysexplicitly represented

throughoutthesimulationprocess.In particular, Equation1 is numericallyapproximatedusingthefollowing explicit iterativeequation:

~S(~p; t + � t) = ~S(~p; t) + F (~p; t) ~U(~p; t)� t: (2)

Theadvantageof explicit simulationof surface�o w is that theusercandirectly interactwith thepolygonalmodelswithout any inter-

mediateconversionsteps,while thechallengeis thatwe needto explicitly maintainthemodelregularity andto beableto handlecollision

detectionandtopologymodi�cation accuratelyduringthedeformationprocess.We will discussissuesrelatedto theexplicit simulatingof

surface�o w suchasmeshregularity in thenext section.Our approachesof handlingcollision detectionsandtopologymodi�cations are

describedin laterpartsof thepaper.

Thevelocity functionF in Equation1 is application-dependent,it canbeeitherdirectlyprovidedby theuser, or moregenerally, obtained

asa gradientdescent�o w by theEuler-Lagrangeequationof someunderlyingenergy functionalsbasedon thecalculusof variation.One

of theimportantPDEwe usedfor distance-�eldbasedshapemanipulation(Section0.5) is thesimpli�ed versionof theweightedminimal

surface�o w [13] asthePDEof Equation1 :
@~S
@t

= (gv + gk ~H k) ~N ; (3)

where, ~H is the meancurvatureof the surfaceandis actingasa smoothingconstraint.v is the constantvelocity, which will enablethe

convex initial shapeto capturenon-convex, arbitrarily complicatedshapes. ~N is theunit normalof thesurface. g is thenon-increasing,

non-negative weight function that will stop the deformationof the modelwhenit reachesthe shapeboundary. We de�ne the stopping

functiong asthecommonlyused3D edgedetector:

g( ~S) =
1

1 + kr (I ( ~S))k2
; (4)

where,I is thedistance�eld functionandr is thegradientfunction.Themeancurvaturevector ~H usedin Equation3 is calculatedby the

discretecurvatureestimatorproposedby Desbrunetal. [14]:

SurfaceFlow Simulation

0.2 Model Regularity

To ensurethe numericalsimulationof the surface�o w to proceedsmoothly, we mustmaintainthe regularity of the modelsuchthat the

modelhasa goodnodedistribution, a propernodedensity, anda goodaspectratio of thetriangles.This is achievedby the incorporation
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of meshoptimizationandLaplaciansmoothing.Note that, thesetechniquesareappliedonly to regionsof the polygonalmodelthat are

deformingat thecurrenttimestep.

0.2.1 Mesh optimization

Therearethreecommonlyusedmeshoptimizationoperations[15]: edgesplit, edgecollapse,andedgeswap.Edgesplit andedgecollapse

areusedto keepanappropriatenodedensity. An edgesplit is triggeredif theedgelengthis biggerthanthemaximumedgelengththreshold.

Similarly, anedgewill becollapsedif its lengthis smallerthantheminimumedgelengththreshold.Edgeswappingis usedto ensurea

goodaspectratio of the triangles. This canbe achieved by forcing the averagevalenceto be ascloseto 6 aspossible[16]. An edgeis

swappedif andonly if thequantity
P

~p2 � (valence(~p) � 6)2 is minimizedaftertheswapping,where� representsthefour verticesin the

two adjacenttrianglesof thecurrentedge.

0.2.2 Laplacian smoothing

Laplacianoperator, in its simplestform, movesrepeatedlyeachmeshvertex by adisplacementwhichequalsto apositivescalefactortimes

theaverageof theneighboringvertices.Considerameshvertex ~p andits neighbors~Q1 ; � � � ; ~Qn , theLaplacianoperator~U is:

~U(~p) =
1
n

nX

i =1

( ~Qi � ~p): (5)

ThetangentialLaplacianoperatoris usedto maintainagoodnodedistributionandis de�ned as:

~T(~p) = C[~U � ( ~U � ~n)~n]; (6)

where~n is thenormalvectorat vertex ~p andC is apositiveconstant.

0.3 StepSizeEstimation

Whenadvancingthe modelusingsurface�o w, we mustenforcea constrainton � t . In particular, the time stepmustsatisfy the CFL

condition(a.k.a.,Courant-Friedrichs-Lewy stabilitycriterion),i.e., thevelocityof changemustbestrictly restrainedby theminimumdetail

in thesystem.In oursystem,thisconditionis

� t �
me

M F
; (7)

whereme is the minimum edgelengthandM f is the maximummagnitudeof the velocity F . Beforeeachdeformationstep,we will

calculatethevelocity F at eachvertex point anddeterminethemaximummagnitudeof thevelocity M F . Thus,a propertime stepcanbe

obtainedfrom (7).

SurfaceFlow BasedHaptic Editing

Our systemsupportstwo typesof hapticediting operations.The usercaneitherdirectly manipulatethe meshmodelby exerting forces

throughthe hapticdevice, or alternatively, de�ne a local distance�eld usingthe hapticdevice, andevolve the surfaceaccordingto the

user-de�ned distance�eld.

In general,therearefour mainstepsduringa typical interactivedesignprocess:

1. Theuserspeci�esa regionof themodelto bedeformedby usingthehapticscursor.

2. Theuserexertsforcesor de�nesa localdistance�eld throughthehapticdevice.

3. Thecorrespondingregionof themodeldeformsaccordingto thePDE-basedsurface�o w (Equation1).

4. During the deformation,thesystemautomaticallydetectsthepotentialcollisionsbetweendifferentpartsof the modelandchange

thetopologyaccordingly.
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0.4 Force-BasedShapeManipulation

In our system,theusercandirectly manipulatethepolygonalobjectsby applyingforcesthroughhapticdevice. We employ theHooke's

law to generatethe force, ~f = k(~pcur s � ~psur f ), where~psur f is thesurfacepoint on themeshwhich theuserinitially picksup, ~pcur s

is the hapticscursor that the usercontrolsto deform the mesh,and k is a positive spring constant. Usually the longer force vector,

(~psur f � ~pcur sor ), theuser's actionintroduces,the largerexternalforcewill begenerated.Simultaneously, anequalbut oppositeforce,

� ~f , will feedbackto theuserthroughthehapticdevice to getthehapticfeeling.

To control theregion of in�uence of theappliedforce,we usea �nite supportedGaussianfunction,S(d), to distribute theforce into a

setof meshpointsin thenearbyregion. Theforceataneighboringsurfacepoint~q is calculatedas: ~f ~q = S(k~q � ~psur f k) ~f :

Thecomputedforce ~f ~q is thenpluggedinto the right handsideof Equation1 to guidethedeformationof themodel. Here,thespeed

functionF of Equation1 becomesS(k~q � ~psur f k)jj ~f jj , theunit directionvectoris
~f

k ~f k
.

Figure5(b)showsanexamplecreatedusingourforce-basedmanipulationtools.Here,thenoseis createdby draggingthemeshoutwards,

themouthis createdby pushingthemeshinwards.Thetwo eyesarecreatedby hapticdrilling, i.e. keeppushingthemeshinwardsuntil it

collideswith theotherpartof themesh,andaholeis createdby topologymerging. Thestonesin Figure3 arealsocreatedusingforce-based

manipulation,theretheregionof in�uence is muchlarger, henceamoreglobaldeformationeffect is achieved.

0.5 Distance-FieldBasedShapeManipulation

Our systemalsosupportsdistance-�eldbasedmeshediting. Usingthehapticdevice, theuserinteractively draws some2D or 3D strokes,

eitherdirectly on themeshor stemaway from themesh.Strokesarethendenselysampledby thesystemasa combinationof Gaussian

blobsthatareassignedevenlyat eachpoint. Simultaneously, theaffectedregionsof theunderlyingmeshmodelwill automaticallydeform

accordingto thecorrespondingdistancefunctionsgeneratedby thestrokes.

Duringtheeditingprocess,theusermayfeel forcefeedbackfrom thehapticdevicegeneratedby thefollowing forces:compressiveforce

andfriction force. The compressive force will prevent the userfrom breakingthroughthe surface,while the friction force will give the

usera realisticfeelingof thebumpinessof thesurface.Thecompressive forcecanalsobeusedto de�ne thestrengthof theassignedblobs.

Figure1 shows thehapticuserinterface.

0.5.1 Compressive force

Thecompressive forceat~q is alongthesurfacenormal~n~p at theclosestsurfacepoint ~p,

~f ~n =

�
� (~q � ~p) � ~n~p ; if (~q � ~p) � ~n~p < 0;

0; otherwise;
(8)

where~q denotesthepositionof thehapticscursor, and~p denotestheclosestpoint~p onthepolygonalsurfaceto ~q. Fromtheaboveequation,

we canseethat if thehapticscursoris runningout of thepolygonalobject,thecompressive force is equalto zero. An equalbut opposite

force, � ~f ~n will be fed backto the userthroughthe hapticdevice to let the userfeel the resistancewhenthe hapticscursoris trying to

runninginsidethepolygonalobject.

Inspiredby theChinesebrushpaintingandcalligraphy, in our system,we associatethemagnitudeof thecompressive forcek ~f ~n k to the

strengthof theassignedblobs.Thebiggercompressive forcetheuserexertson thesurface,thelargerstrengthof ablobwill beintroduced.

Thisallowstheuserto interactively andlocally controlthesizeof to-be-embossedshape.Thevariationof thewidth of thestroke is created

by thevariationof thecompressive forcetheuserappliedthroughthehapticdevice.

0.5.2 Friction force

Usingthecompressive force,wecaneasilyde�ne thefriction forceasfollows,

~f s = � � k ~f ~n k
~v~p

k~v~pk
; (9)

where~f ~n is thecompressive forcewhenthehapticscursoris atposition~s, ~v~p is theprojectionof thevelocityof thehapticscursorat~s onto

thetangentplaneof theclosestsurfacepoint ~p. Thefriction forceis a passive forcepurelyfor hapticrenderingpurpose.It only feedback

to theuserandis notparticipatingin thesurfaceevolutionprocess.
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Figure2 showsanexample.Here,a$ signis embossedonthebunny-bankmodelby directlysketchingtwo strokesonthemeshusingthe

hapticdevice. TheGaussianblobsareassignedevenlyateachsamplingpoint. During theeditingprocess,theuserwill feel forcefeedback

from the hapticdevice generatedby the aforementionedfriction force andcompressive force. Engraving effect canalsobe achieved by

simply setthedeformationdirectionastheoppositeof thenormalvectorof eachvertex in theaffectedregion. Thecoin slot is createdby

placinganimplicit cubeon thebackof thebunny andremoving all theverticesthatareinsidetheimplicit cube.

Figure1: Thehapticuserinterface. Figure2: Thebunny-bank. Figure3: Thestar�sh in thesea.

Theusercanalsode�ne distance�eld throughfree-handsketching,i.e. drawing strokesaway from existing mesh.Figure4 shows an

example.Theinput is apolygonalmodelof agoblet(Figure4(a)).Now, theuserwantsto addtwo handleson thegoblet.Sohe/shesimply

drawstwo curvedstrokesatbothsidesof thegoblet.A distance�eld is thencreatedby summinguptheGaussianfunctionsthatareassigned

ateachpoint (shown asreddotsandgreendotsin Figure4(a))onthetwo strokes.Theoriginalgobletmeshwill grow simultaneouslyalong

thetrackof thestrokesto form achampiontrophy asshow in Figure4(b).

(a) (b)

Figure4: Thechampioncup.

(a) (b)

Figure5: (a) The spiral tail of the mannequin.(b) The happy monster

head.

The star�sh in Figure3 andthe spiral tail on the backof the mannequinin Figure5(a) areboth createdin this fashionaswell. For

example,in Figure3, startingfrom a simplesphere-like polygonalmodelin thecenter, theuseriteratively draws � ve curvedstrokesaway

from theoriginalmesh.Theoriginalmeshwill thengrow alongthenewly de�ned distancefunctionsandcreatethe� ve legsof thestar�sh.

Note that,sincethestrokesarecreatedin the “air”, thereareno force feedback.Thehapticdevice is usedasa 3D pointingdevice only.

Theusercaneitherassigna constantdensityvaluefor theGaussianblobs(Figure5(a)),or linearly interpolatethedensitybetweena start

valueandaendvalue(Figure3).

Particle-BasedCollision Detection

Onekey challengein simulatingcontinuoussurfaceevolution of anexplicit deformablemodelis in performingcollision detection,sothat

surfaceinterpenetrationscanbedetectedandhandledproperly. Therehasbeenconsiderableresearchontheproblemof collisiondetection;

in general,existing methodsareeitherobject-orientedboundingvolumemethodor domain-orientedspatialdecompositionmethod.The

ideabehindtheseapproachesis to approximatetheobjects(with boundingvolumes)or to decomposethespacethey occupy (usingdecom-

position),to reducethenumberof pairsof objectsor primitivesthatneedto bechecked for contact.We proposea hybrid approachthat
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candetectpotentialcollisionsbetweendifferentpartsof thesurfacebothaccuratelyandef�ciently by combiningtheadvantagesof both

thespatialdecompositionmethodandtheboundingvolumemethod.A spatialdecompositionmethod(a uniform occupancy grid) is used

for fastcollision-rejectionbetweenverticesthatarelocatedat non-neighboringgrid cells.A boundingvolumemethod(boundingspheres)

is usedfor detectingpotentialcollisionsbetweenverticesthatarelocatedwithin thesameandneighboringgrid cells.

We considertheobjectasa particlesystem(connectedby edges)that is boundedby partially overlappingspheresof radiusr centered

at eachparticles(i.e., verticesof the object). Potentialcollisionsbetweendifferent regionsof the objectare thendetectedby potential

collisionsbetweenparticles.Sinceour modelalwaysmaintainsexplicit maximum/minimumthresholdsfor theedgelength,the radiusr

canbepre-calculated.A potentialcollision is detectedif thedistancebetweenany two non-adjacentverticesis smallerthanr . To further

speedup theperformance,a uniform occupancy grid is superimposedon thedomainspacefor fastcollision-rejection.Eachvertex of the

objectwill belongto agrid cell, andeachgrid cell will storetheindex/pointerof theverticesthatbelongto thecurrentgrid cell. Thesizeof

thegrid cell is decidedby theradiusr of theboundingspheresothatcollisionscanonly occurbetweenverticesin thesameor neighboring

cells.At thebeginningof eachdeformationstep,theoccupancy grid needto updateits verticesinformation.Thiscanbedonelocally since

only a few verticeswill moveateachdeformationstep,andit usuallytakesconstanttime,or atmostO(n). Figure6 showsa2D illustration

of the collision detectionscheme.Here,the two moving curvesareboundedby partially overlappingcirclesof radiusr (shown in dark

circlesin Figure6 (a))centeredateachparticles.Severaltimestepslater, thedistancejjP � Qjj betweenparticleP andQ becomessmaller

thanr (Figure6 (b)) anda collision is detected.Thesetwo vertices(P andQ) will be deactivatedandsentto the following topology

modi�cation step.

(a) (b)

Figure6: Particle-basedcollisiondetection.

TopologyModi�cation

Therearetwo typesof topologymodi�cations: topologymerging (i.e. axialmelting)andtopologysplitting (i.e. axial constriction).In our

currentsystem,only topologymerging is implementedandis conductedin a sequentialfashion,i.e. atmostonetopologymergeoperation

canoccuratany time. Moreover, to ensurethecorrectnessof thealgorithm,atopologymergeoperationcanoccuronly afterall thevertices

of themodelbecomedeactivated(i.e. notmoveanymore).Therearethreestepsin thetopologymergingoperation:

1. Findapairof mergingverticesandalign theirone-neighborhoodsto faceeachother.

2. Putthetwo one-neighborhoodsinto correspondence.

3. Reconnectthetwo one-neighborhoods.

0.5.3 Find a pair of center ver tices and align their one-neighborhoods

The �rst stepof the algorithmis to pick the bestpair of merging verticesto serve asthe centervertices. Speci�cally, we will calculate

theinnerproductsof thenormalvectorsof all pairsof merging verticesandchosethepair with thesmallestinnerproduct.If theangular

deviation of thenormalvectorsof this pair of verticesis smallerthana certainthreshold(e.g. 30 degrees),they will bepickedasthetwo

centervertices,otherwise,notopologymergeoperationis allowedat thecurrenttimestep.Next, all theone-neighborhoodverticesof these

two centerverticeswill be projectedonto the plane(passingthe centervertex) that is perpendicularto the vectorconnectingthesetwo

centervertices.Thisway, thetwo one-neighborhoodswill faceexactly towardseachother(Fig. 7(a)-(b)).
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0.5.4 Put the two one-neighborhoods into correspondence

After thetwo one-neighborhoodsarealignedto faceeachother, they will beput into correspondenceby thefollowing procedure:Iteratively

re�ne theone-neighborhoodwho hasfewer verticesby splitting its longestedgeuntil bothof the two one-neighborhoodshave thesame

numberof vertices,thenchoosean alignmentthat minimizesthe sumof squareddistancesbetweencorrespondingverticesof the two

one-neighborhoods.For example,in Fig. 7(b), originally the one-neighborhoodof vertex A has� ve nodes:f A 1 ; A2 ; A3 ; A4 ; A5g, the

one-neighborhoodof vertex B hassix nodes:f B 1 ; B2 ; B3 ; B4 ; B5 ; B6g. To make thesetwo one-neighborhoodshave thesamenumber

of nodes,we �rst �nd thelongestedgeof theone-neighborhoodof vertex A, which is theedgebetweennodesA 1 andA2 , andthensplit

this edgeinto two edgesand inserta new nodein between. Finally, we put thesetwo setsof verticesinto correspondenceby �nding

thealignmentthatminimizesthesumof squareddistancesbetweennodes.In Fig. 7(c), verticesf A 1 ; A2 ; � � � ; A6g arecorrespondingto

f B 1 ; B2 ; � � � ; B 6g, respectively.

0.5.5 Reconnect the two one-neighborhoods

After thetwo setsof one-neighborhoodverticesareput into correspondence,eachvertex is connectedwith its correspondingvertex in the

oppositeone-neighborhood.The two centerverticesandall its incidentedgesareremoved(Fig. 7(d)). Thenewly createdquadrilaterals

arefurthertriangulatedby splittingeachquadrilateralinto two trianglesalongoneof its diagonals(Fig. 7(e)).Theaforementionedmodel-

relaxationoperations(Section0.2) canquickly smoothout any artifactsthat may resultfrom the matchingprocedureoncethe topology

mergingoperationhasbeencompleted.

(a) (b) (c) (d) (e)

Figure7: Topologymerge.

SystemImplementation

Haptics-basedapplicationsdemandhigh updaterates,thereforeit is bothdesirableandnecessaryto employ multiprocessorcomputersto

acceleratecomputation.We developmulti-threadedimplementationandparallelalgorithmsin orderto take advantageof parallelcompu-

tationalarchitecturefor performanceimprovement.Thehaptics,graphics,andsimulationcomputationsareeachassignedonethread.A

SensAbleTechnologies's PHANToM is employedasa hapticdevice for hapticinput andforcefeedback.Thehapticdevice is attachedto

a low-endPC.Anotherdual-processorXEON PCwith NVIDIA's GeForce4graphicscardis usedfor simulationanddisplayof polygonal

objects.Figure1 shows thehapticuserinterface.Thesurfaceevolution simulationandhapticscomputationareweaklycoupledsincethe

hapticscomputationis muchfasterthanthe surfaceevolution simulationandthe force updateratehasto run at above 1kHz. The weak

couplingis implementedthroughusingthesameobjectrepresentationfor bothcomputations.Therefore,thevisual feedbackandhaptic

feedbackareconsistentwith eachother.

Conclusion

We have presentedHapticFlow, a haptics-basedinteractive mesheditingsystemfoundeduponPDE-basedgeometricsurface�o w. Hap-

ticFlow maximizesthe potentialsofferedby both the surface�o w andhaptic interactions. It providesan intuitive haptic interfaceand

allowsusersto directlymanipulate3D polygonalobjectswith intuitive forcefeedback.

During this researchwork, we have alsoobserved that the �o w-basedapproachhassomevery appealingpotentialson accomplishing

paralleldesigntasksthataresimultaneouslyperformedby severaldesigners.Soweplanto furtherextendHapticFlowinto anetwork-based

collaborativedesignframework. Throughvariousexperiments,wefoundthatnaiveusersoftentimeshavedif�culties to determinethedepth
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informationof thehapticscursorthroughthe2D monitorscreen.An implementationof stereoscopicvisualfeedbackonasemi-immersive

VR environmentsuchasworkbenchwould de�nitely helpthoseusersto gain a muchbetterunderstandingof the3D shapegeometryand

performthedirectgeometricdeformationthroughuserimmersion.
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